The research focused on the production of a complex wastewater coagulant containing polymeric sulfates of aluminum and iron from fly ash. At the same time, SO2 in the simulated flu gas was removed by absorption in a fly ash slurry and oxidized with sodium chlorate. Extraction efficiency of iron and aluminum oxides from fly ash was affected greatly by reaction temperature and time. The extraction efficiency increases as temperature increases. Removal efficiency of SO2 was influenced by temperature, SO2 feed concentration and feed gas dispersing method. The produced complex coagulant containing both polymeric ferric sulfate (PFS) and polymeric aluminum sulfate (PAS) was proven to be effective in removing total suspended solids (TSS) and turbidity in wastewater. The complex coagulant is more effective than conventional iron and aluminum sulfates in turbidity removal. 
Introduction
Coal remains the most important source of energy in most countries. Coal from most sources contains appreciable fractions of sulfur, which is oxidized and released as sulfur dioxide mainly during combustion. Although the total emission of SO2 to atmosphere has been reduced over the past 30 years, it still amounted to over 60 million metric tons in 2000 worldwide [1] . Overall, about 80% of the SO2 released to the atmosphere is from coal combustion [1, 2] . Sulfur dioxide is a severe lung irritant, and the main source of acid rain, which causes acidification of water bodies and soils, damages plants, corrodes metals, and increases secondary fine particulate matter in the air [2, 3] . Traditional flue gas desulfurization processes involve calcium sorbents, either dry or wet. Although some of these methods can achieve more than 90% SO2 removal from the flue gas [2, 4, 5] , their byproducts are either of low market value or produce waste, requiring separation and/or dewatering, and disposal, typically by landfilling. However, SO2 could be used as an important raw material in industry.
New technologies based on recovering SO2 from flue gas have been investigated.
Pulsed corona and dielectric barrier discharges are effective desulfurization technologies aimed at oxidizing SO2 with the production of SO3 or H2SO4 [6] [7] [8] . In recent studies in our research group, SO2 has also been used in the recovery of acetic acid and lactic acid from calcium acetate and calcium lactate solutions [9, 10] , and as a raw material in the production of polymeric ferric sulfate (PFS), an effective water treatment coagulant [11, 12] .
Fly ash is a fine particulate material that is produced by the combustion of pulverized coal and carried out by flue gas. The physical and chemical properties of fly ash depend on the coal source, additives used in the combustion or post-combustion processes, and the pollution control technologies [13] . Normally, fly ash particles are spherical and exhibit smooth surface texture [13] and the size of fly ash particles is in the range of 0.01 to 0.1 mm [14] . Iron, aluminum and silicon are the major elements in fly ash while other minor compounds, like calcium, magnesium, sodium, potassium are also present. The typical concentrations of silicon, aluminum, iron, calcium, magnesium, sodium and potassium oxides in bituminous coals of the United States, are in the ranges of 20-60%, 5-35%, 10-40%, 1-12%, 0-5%, 0-4%, and 0-3%, respectively [13] .
Combustion of coal in the United States alone produced approximately 68 million tons of fly ash in 2001, of which only about 30% was used, the rest was disposed of in landfills [13] . Transportation and disposal of fly ash will increase the amount of particulate materials in the air during windy conditions. Landfilling is not an optimal solution to fly ash disposal for this and other reasons. The major application of fly ash is in the concrete industry [13] . The addition of high calcium fly ash into Portland cement can improve some of the cementitious properties, such as ultimate strength, durability, chemical resistance and reduced permeability [13, 15] . A variety of new technologies have been developed for manufacturing fly-ash based cements [16, 17] . Fly ash has been used to improve the physical and chemical properties of coarse or sandy soils [18, 19] .
Since fly ash is composed mostly of silt-sized particles, it can be used to improve the properties of coarse-textured or sandy soils and increase the soil moisture holding capacity, which is helpful in increasing plant growth [20] [21] [22] [23] [24] . For the same reasons, fly ash can also be used to stabilize soils at beef cattle feedlots [25] . Considering fly ash also contains smaller amounts of P, N, K, Na, and Mg, some studies have investigated the possibility of fly ash as a fertilizer supplement [20, 22, 26, 27] . Fly ash has also been used as a low-cost adsorbent in industrial wastewater treatment, such as dyes [28] [29] [30] [31] [32] [33] , improved phosphorus removal [34] , and purifying acid mine water [35] .
Fly ash is rich in aluminum and iron oxides, which are essential raw materials for the production of water and wastewater treatment coagulants. This paper investigates the extraction of iron and aluminum oxides from fly ash to make a polymeric complex coagulant with the oxidation of SO2. It is aiming at analyzing (a) factors effecting conversion efficiency of iron and aluminum oxides to Fe 3+ and Al 3+ ions, (b)
investigating SO2 removal efficiency and (c) evaluating the produced the capability of complex coagulant in wastewater treatment.
Materials and methods

Characteristics of fly ash
The particle size and other physical properties of the fly ash sample were analyzed by a 
Experimental aspects
Apparatus
A schematic diagram of the reaction system is shown in Fig. 1 . The reaction was conducted in a 500 ml jacketed glass reactor (ChemGlass Inc.) with a polytetrafluoroethylene (Teflon) what? through a funnel, which was connected to the second inlet on the reactor lid. The funnel was then removed and the inlet was sealed by a stopper. A pump was connected to this inlet to dose oxidizer as needed periodically. A thermometer for monitoring the reaction temperature was connected to the third inlet.
The flue gas was simulated by a N2-SO2 mixture, which passed through the fourth inlet on the lid into the reaction tank. The outlet gas stream passed through a condenser, connected to the fifth inlet. The condenser was used to chill the outlet gas stream and return the condensate back to the reactor. The gas stream entered a ZRF NDIR gas analyzer (Fuji Electric Co.). A Dow Corning Fluid (Dow Chemical Co.) was circulated through the reactor jacket by using a Neslab RTE 111 (Neslab) heater unit.
Operation procedures
Each bath used 100 ml water and 100 g fly ash with Fe2O3 content of 25.48% and Al2O3 content of 21.03%. Stoichiometric quantities of SO2, sulfuric acid and sodium were calculated. To eliminate the interference of soluble alkaline salts in the reaction, the fly ash was pretreated by adding hot water to remove trace amounts of Na2O, K2O, MgO and CaO [36] . The fly ash slurry was heated for about 30 min, and then settled for 1 hour and filtered. The insoluble fly ash particles were then dried at 110ºC for 2 hours. Then the fly ash slurry was added into the reactor and was stirred at 200rpm at room temperature for 1 hour to make a homogeneous distribution. When the temperature reached the desired value, 50 ml 96% H2SO4 was introduced into the system through a funnel and the Condenser chiller unit 9. Sample gas dryer 10. Air tank 11. Gas analyzer 12. Data acquisition computer simulated flue gas was bubbled through the stirred fly ash slurry at the same time. SO2 at 4% was mixed with N2 to simulate flue gas. The final concentration of SO2 was controlled at 4000 ppm and 2000 ppm, which is at the high end of sulfur dioxide concentration in flue gas (reference?). Sodium chlorate was added into the reaction system after the simulated flue gas was introduced, resulting in the oxidation of SO2. This experiment was run at seven different temperatures: 70, 80, 90, 100, 110, 120, and 130ºC.
The reaction for each run was conducted for 6 hours. The mixture was sampled with a 1 ml pipette at 30 min intervals to monitor the change of Fe 3+ and Al 3+ ions and to develop the reaction kinetics.
The reactions are described as follows. Fe2O3 and Al2O3 in fly ash react quickly with the added H2SO4 to produce Fe 3+ and Al 3+ (reaction 1 and 2).
At the same time, NaClO3 oxidizes SO2, resulting in additional SO4 2-and H + ,
Hydrolysis (4, 5 and 6) follows with hydroxides from water dissociation, 
Polymerization (7 and 8) will proceed under certain conditions to form polymeric ferric sulfate (PFS) and polymeric aluminum sulfate (PAS), two components of the complex polymer [12] .
Analysis of SO2 in the gas stream from the reactor
The concentration of SO2 in the gas stream was analyzed with a ZRF NDIR gas
analyzer. The reading range of the gas analyzer is 0-10% SO2 concentration by volume [12] . Before each run, the instrument was calibrated with a 0.5% SO2 gas. The concentration of SO2 in the inlet gas stream was controlled at 2000 ppm or 4000 ppm with N2 and SO2 using flow meters (Fig. 1 ).
Analysis of Al 3+ in the produced coagulant
The Al 3+ concentrations in the produced coagulant were analyzed with an Agilent 4500 ICP-MS. The samples were diluted 100,000-200,000 times prior to ICP-MS analysis. The instrument was calibrated with standard solutions at 10, 20, 50, 100, 150 and 200 ppb prior to each analysis. An instrument blank was run before each sample set.
Analysis of Fe 3+ and Fe 2+ in the produced coagulant
The analysis of total in the produced coagulant was completed with a HACH 3000 spectrophotometer. The samples were diluted 100,000-200,000 times prior to analysis.
Hydroxylamine hydrochloride was added into the diluted samples to reduce ferric iron to ferrous iron, which reacts with orthophenanthroline to form an orange-red Fe(II)-orthophenanthroline complex. The reaction is described by equation 9. 
The instrument was calibrated with standard Fe (II) -orthophenanthroline complex solutions at 1, 2, 5, 8, 10ppb prior to each analysis. An instrument blank was run before each sample set. All the samples were run at 510nm wavelength.
A potassium permanganate titration method is used to determine ferrous iron concentration in the final product. The method is based on the following reaction: 
The ferrous iron concentration can be expressed as below:
where V(ml) is the volume of potassium permanganate consumed at the end point, V0
(ml) is the volume of potassium permanganate consumed by distilled water at the end point, C is the concentration (M) of the standard potassium permanganate solution, m is the mass (g) of sample and 0.5585 is the mass of 0.001 mol iron.
Performance of the produced coagulant complex
The complex coagulant produced at 130ºC was used to test the removal capabilities of total suspended solid (TSS) in wastewater from ethanol fermentation and turbidity removal from a kaolinite suspension (Wilkinson Kaolin Assoc. Ltd.). The performance of the produced coagulant was tested using a Philips & Bird Model FB 700 six-jar tester.
The turbidity was measured with a Cole Parmer Model 8391-40 turbidity meter.
For the TSS removal, 1000 ml of the wastewater was filled in the jar tester and stirred at 130 rpm for 10 min, in order to maintain a homogeneous TSS distribution. The coagulant sample was weighed carefully to make 50, 100, 150, 200, 250, and 300 ppm total concentration of Fe 3+ +Al 3+ in the wastewater sample. After the coagulant was added, the wastewater was stirred at 30 rpm for 10 min and then at 5 rpm for 10 min. The pH in the test was adjusted to 5, 6, and 7 by adding H2SO4 and NaOH solutions.
For the turbidity removal, kaolinite was added to 1000 ml distilled water and stirred at 130 rpm for 10 min. The coagulant sample was weighed carefully to make 1, 5, 10, 20, 30, and 50 ppm total concentration of Fe 3+ +Al 3+ in the wastewater sample. After the coagulant was added, the wastewater was stirred at 30 rpm for 10 min and then at 5 rpm for 10 min. The pH in the test was adjusted in the range of 5.5 to 9.5 by adding H2SO4
and NaOH solutions. The original turbidity of each water sample was 92 NTU.
Results and discussion
Characteristics of fly ash
The Table 1 . Micrographs of fly ash at different magnifications are shown in Fig. 2-Fig. 5 . The figures show that the particles in fly ash are smooth, spherical and glassy, and some of the aluminum oxides are combined together with silicon oxides. The dark spots were identified as iron oxides by the SEM. The light spots were identified as mullite, which has a crystalline structure derived from aluminosilicate minerals [38] [39] [40] . Research on fly ash structures demonstrated that the aluminosilicate particles have complex structures and the silicate and aluminum compounds are fused together [38, 40] .
Characteristics of the produced coagulant
The color of the produced complex coagulant containing both PFS and PAS varied from light greenish yellow to dark brown at different temperatures. A quality standard for the produced coagulant was developed based on previous work [12, 41] . The indices are listed in Table 2 . It is important to maintain the 1% solution pH in complex coagulant because a suitable pH will help to assure the stability of the product. If the pH is too high, the stability will decrease with the tendency of precipitation [12] . The pH was measured with a Corning pH meter 320. Density was measured with a 10 ml Gay-Lussac density bottle.
Another important standard for the produced complex coagulant is basicity, which was calculated by Eq. (12). The concentrations of Fe 2+ in the prepared complex coagulant are listed in Table 5 , which indicates that there is no Fe 2+ in the products under each reaction condition. As shown in Fig. 8 and 9 , as the temperature increases, the SO2 removal efficiency decreases. This result indicates that SO2 removal is not favored by higher temperatures, although high temperature can increase conversion efficiency of Fe2O3 and Al2O3. Two dispersing methods were used in the removal of SO2. One method used a bubbling tube immersed into the liquid at the bottom of the reaction tank, and the other attached a porous diffuser to the end of the tubing. Fig. 8 and 9 indicate that at low temperatures, the two dispersing methods make no significant difference in SO2 removal efficiency, which is greater than 90% under either condition. However, at higher temperatures, the use of diffuser results in higher removal efficiency as shown in Fig. 8 and 9 . For example, in the system with a SO2 diffuser, the removal efficiency increased from 65% to 78% at 130ºC after 360 min. Further investigation on reaction kinetics indicated that the reaction of SO2
Effects of time and temperature on the production of the coagulant
with ClO3 -is mass transfer controlled.. The mass transfer resistance for the liquid phase could be reduced significantly due to the use of a diffuser. This indicates that a diffuser increases the available SO2 in the aqueous system to react with ClO3 -, thus the removal efficiency of SO2 can be improved. .Experimental results also show that when other conditions are the same, lower initial concentration of SO2 also helps in increasing removal efficiency, as shown in Fig. 10 . The performance of the produced coagulant was tested in a jar-tester system. The effects of pH and coagulant dosages on TSS and turbidity removal were investigated.
Performances of the produced coagulant
Total suspended solid removal
The wastewater used in TSS removal testing was from ethanol fermentation in our research group, containing particles with densities very close to that of water. After 1 week storage in the refrigerator without the addition of the coagulant, no settlement was observed. When the complex coagulant was added in association with stirring to flocculate, a TSS removal of at least 78% was achieved. The results are presented in Table 5 , which shows that at neutral pH levels, 150-200 ppm will be the optimal dosing range for the maximum TSS removal. Lower or higher coagulant dosages lead to lower TSS removal. The original TSS in the feed was 11 g/L. At the same dosage, the TSS removal was favored by a higher pH value. At pH 5, the TSS removal is only 78.28% at a coagulant dosage of 50ppm. However, the TSS removal can be higher than 99% at pH 7. The performance of the complex coagulant at different dosages for turbidity removal at pH 7.15 is presented in Fig. 11 . This figure shows that an optimal dosage of 20 ppm complex coagulant reduced the residual turbidity to 1.03NTUwith turbidity removal of 98.7-98.9%.
The effects of pH on the turbidity removal are shown in Fig.12 . The data from this experiment shows that the optimal pH range for the turbidity removal is 7.5-8.5, with the lowest residual turbidity of 1.27NTU (98.63% removal). Therefore, the turbidity removal by the produced complex coagulant is in favor of slight acidic to neutral conditions. The results of the comparison of the performance the complex coagulant and conventional iron sulfate and aluminum sulfate coagulants are presented in Fig. 13 . This figure shows that the complex coagulant has significant advantages when the coagulants dosages are lower than 20 ppm, and it is capable of removing 93.73% turbidity at a dosage of 1 ppm, which indicates that the complex coagulant is over 85% more effective than both conventional sulfates coagulants. Therefore, at the same turbidity removal level, the consumption of the complex coagulant is much less than either iron sulfate or aluminum sulfate coagulant, and leaves less iron or aluminum residue in the treated water. 
Conclusions
Fly ash containing high concentrations of Fe2O3 and Al2O3 was successfully used in producing complex coagulant by reacting with sulfuric acid. Sulfur dioxide was removed simultaneously by reacting with sodium chlorate, the added oxidant. There are several factors affecting the SO2 removal efficiency. First of all, the removal efficiency of SO2 is greatly influenced by the reaction temperature. Secondly, the gas dispersing methods also impact the SO2 removal efficiency. In addition, the concentration of SO2 in feed can play an important role in SO2 removal. The conversion of Fe2O3 and Al2O3 in fly ash is affected greatly by both reaction temperature and time. The produced complex coagulant is effective in removing TSS in an ethanol fermentation wastewater and turbidity in kaolinite suspended in tap water. The removal of turbidity has an optimal pH range of 7.5-8.5. For TSS removal, the complex coagulant favors neutral pH value. The produced complex coagulant performed much better than the conventional iron and aluminum sulfates at low concentrations. A possible concern of this procedure is the produced waste, since the inactive silicate and aluminosilicate cannot be extracted. However, the waste could be used in producing cement if the physical and chemical properties meet the requirement. More research is warranted to test this hypothesis.
